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ABSTRACT  
 
The high degree of compaction of Ecuadorian Amazonian clay soils represents a serious limitation for bioremediation 
due to reduced oxygen availability. Microbial exopolysaccharides (EPS) improve soil particle aggregation and soil struc-
ture. In this context, this research evaluated the EPS-producing capacity of four native Bacillus isolates, by culturing 
them in a liquid basal medium modified with sucrose and sugarcane molasses as carbon sources and tryptone and 
yeast extract as nitrogen sources. EPS production was strongly influenced by both the isolate and the culture condi-
tions. Sugarcane molasses significantly enhanced EPS synthesis compared to controls, with concentrations rising from 
85–326 µg/mL to 243–662 µg/mL, the highest value being 661.9 µg/mL in one isolate. Yeast extract as a nitrogen 
source also promoted higher EPS production than controls, ranging from 69–501 µg/mL, with peak production of 
501.2 µg/mL. Stress conditions further affected EPS output: across pH treatments, EPS ranged from 136–367 µg/mL, 
with optimal production near neutral pH, while moderate salinity stimulated EPS synthesis, increasing concentrations 
from 171–221 µg/mL in NaCl-free controls to 262–376 µg/mL at 0.7–1.1% NaCl. 
The most productive isolates were identified as Bacillus altitudinis, Bacillus licheniformis and Paenibacillus glycanilyticus; 
all of them have a potential biotechnological use in the improvement of the structure of hydrocarbon-contaminated 
soils that are bioremediated in the Ecuadorian Amazonia.  
 
Keywords: bioremediation, microbial metabolites, soil particle aggregation, hydrocarbon degradation, polluted envi-
ronments.  

 
RESUMEN 
 
El alto grado de compactación de los suelos arcillosos de la Amazonía ecuatoriana supone una grave limitación para 
la biorremediación debido a la escasa disponibilidad de oxígeno. Los exopolisacáridos microbianos (EPS) mejoran la 
agregación de las partículas del suelo y la estructura del mismo. En este contexto, la presente investigación evaluó la 
capacidad de producción de EPS de cuatro cepas nativas de Bacillus, mediante su cultivo en un medio basal líquido 
modificado con sacarosa y melaza de caña de azúcar como fuentes de carbono, y triptona y extracto de levadura 
como fuentes de nitrógeno. La producción de EPS se vio fuertemente influenciada tanto por la cepa como por las 
condiciones de cultivo. La melaza de caña de azúcar mejoró significativamente la síntesis de EPS en comparación con 
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los controles, con concentraciones que aumentaron de 85-326 µg/mL a 243-662 µg/mL, siendo el valor más alto de 
661,9 µg/mL en una cepa. El extracto de levadura como fuente de nitrógeno también favoreció una mayor produc-
ción de EPS que los controles, oscilando entre 69 y 501 µg/mL, con un pico de producción de 501,2 µg/mL. Las con-
diciones de estrés afectaron aún más a la producción de EPS: en los distintos tratamientos de pH, los EPS oscilaron 
entre 136 y 367 µg/mL, con una producción óptima cerca del pH neutro, mientras que una salinidad moderada esti-
muló la síntesis de EPS, aumentando las concentraciones de 171–221 µg/mL en los controles sin NaCl a 262–376 µg/
mL con un 0,7–1,1 % de NaCl. 
 
Las cepas más productivas se identificaron como Bacillus altitudinis, Bacillus licheniformis y Paenibacillus glycanilyticus; 
todas ellas tienen un uso biotecnológico potencial en la mejora de la estructura de los suelos contaminados con hidro-
carburos que se someten a biorremediación en la Amazonía ecuatoriana.  
 
Palabras clave: biorremediación, metabolitos microbianos, agregación de partículas del suelo, degradación de hidro-
carburos, entornos contaminados. 
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INTRODUCTION 
 
Ecuador’s oil industry has played a strategic role in the 
national economy, accounting for over 30 % of exports 
and about 11 % of GDP in recent years, particularly cen-
tered in the Amazon provinces of Orellana and Sucum-
bíos (Carriel, 2024). Oil extraction and related activities 
since the 1970s have resulted in extensive soil contami-
nation by petroleum hydrocarbons. In response, national 
remediation policies that have cleaned more than 1.300 
contaminated sites and treated roughly 1.6 million tons 
of impacted soil under regulatory frameworks such as 
the Environmental Regulations for Hydrocarbon Opera-
t ions  and Min is ter ia l  Agreement  097 
(PETROAMAZONAS EP, 2018; Reglamento Ambiental 
de Operaciones Hidrocarburíficas, 2020).  
 
Contamination by total petroleum hydrocarbons (TPH) 
and polycyclic aromatic hydrocarbons (PAHs) negatively 
alters soil physical and chemical properties, impairing 
aeration, nutrient cycling and microbial communities 
(Chen et al., 2023). Field studies in the Amazon region 
report persistent hydrocarbon pollution in sediments 
and soils, with TPH concentrations ranging from detecta-
ble levels up to several hundred mg/kg, indicating 
long‑term contamination in multiple river basins (Corral 
et al., 2024). Such widespread contamination under-
scores the ecological risk to biodiverse ecosystems and 
the need for effective remediation approaches. 
 
Bioremediation, which leverages biological agents to 
transform or remove contaminants, has been widely 
adopted in Ecuador as part of soil recovery efforts, com-
bining approaches such as nutrient amendment, aeration 
and use of indigenous microbial communities (Carriel, 

2024; PETROAMAZONAS EP, 2018). However, despite 
large‑scale application, there remains a critical 
knowledge gap regarding how to optimize microbial 
functions—specifically the production of extracellular 
polymeric substances (EPS)—to improve both soil struc-
ture and hydrocarbon degradation.  
 
EPS secreted by bacteria enhance soil aggregate stabil-
ity, increase porosity and water retention and can im-
prove the bioavailability of hydrophobic hydrocarbons, 
potentially accelerating their breakdown (Maddela et al., 
2017). While taxa such as Pseudomonas and Bacillus 
have shown biodegradation potential under both labora-
tory and field conditions (Mehboob et al., 2025; Nebo 
et al., 2025), quantitative studies focusing on EPS pro-
duction, cost‑effective cultivation conditions and their 
direct impact on remediation efficacy in heavy clay soils 
are limited.  
 
Addressing this gap is crucial because Amazonian soils 
often exhibit high clay content and poor aeration, which 
restrict microbial activity and reduce biodegradation 
efficiency unless structural conditions are improved 
(Chen et al., 2023). EPS‑producing bacteria could thus 
play a dual role by enhancing soil physical conditions 
and facilitating contaminant breakdown. To maximize 
the practical applicability of these biological agents, ex-
ploring alternative growth substrates such as industrial 
by‑products may reduce production costs while promot-
ing sustainable bioremediation strategies (Ergene & Avci, 
2017; Trindade et al., 2018).  
 
In this context, this study aims to evaluate the influence 
of selected nutritional and environmental parameters on 
exopolysaccharide (EPS) production by native Bacillus 
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spp. isolated from hydrocarbon-contaminated soils. Spe-
cifically, the study focuses on identifying the effects of 
different carbon and nitrogen sources, stress conditions, 
and bacterial strains on EPS synthesis. The generated 
information provides a scientific basis for future formula-
tion of optimized culture strategies and for subsequent 
assessment of the role of EPS-producing bacteria in im-
proving soil structure and enhancing the bioremediation 
of hydrocarbon-contaminated soils, potentially increas-
ing remediation efficiency and reducing associated oper-
ational costs. 
 
MATERIALS AND METHODS  
 
Sample collection 
Six biopiles of hydrocarbon-contaminated soil under 
bioremediation were sampled at the Centros de Gestión 

de Pasivos ambientales - CGP (Environmental Liabilities 
Management Centers) of Block 60 in La Joya de los Sa-
chas, Orellana, Ecuador (S 0°19' 53.206'' O 76° 52' 
50.467'') (Figure 1), operated by EP Petroecuador. The 
sampled biopiles corresponded to units coded as 
CGP_SAC_184_MS1 to CGP_SAC_184_MS6.  Accord-
ing to EP Petroecuador, these biopiles are engineered 
unit for aerobic bioremediation of hydrocarbon-
contaminated soils, where biodegradation is promoted 
through soil turning, moisture control, and bio stimula-
tion of indigenous microbial activity. 
 
Each biopile had a length of 20 m, a width of 2.5 m and 
a height of 2.4 m. Samples were taken randomly in the 
superficial portion of each biopile, following a zigzag 
path and at a depth of 10-15 cm. Each sample were 
composed from the homogeneous mixture of 10 sub-
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samples. These were moved to 4°C, in the dark and pro-
cessed promptly in the laboratory.  
 
Isolation and maintenance of Bacillus spp. 
Isolations were made from soil dilutions with an initial 
suspension of 10 g of sample in 90 mL of a sterile 0.1% 
(v/v) Tween 80 solution (Gordillo, 2018). Base 10 serial 
dilutions were made and then vortexed for 20 seconds. 
These dilution tubes were subjected to a double boiler at 
80 °C for 30 min and left on ice for the same time to se-
lect sporulating bacteria of the Bacillus genus. 0.1 mL of 
the dilutions were seeded on Tryptone Soy Agar (TSA) 
medium and incubated aerobically at 27 °C for 48 hours. 
 
Colonies exhibiting characteristics consistent with the 
genus Bacillus were selected, based on their morphology 
on solid media and subsequently verified by Gram stain-
ing. Isolates showing Gram-positive, rod-shaped cells, 
occurring singly or in short chains, were considered pre-
sumptive Bacillus spp. in accordance with taxonomic 
criteria described in Bergey’s Manual of Systematics of 
Archaea and Bacteria. These bacteria typically form medi-
um to large, white to cream colonies with circular to 
irregular shapes, entire to undulate margins, and a flat 
slightly convex elevation, often displaying an opaque to 
rough surface texture (Logan & Vos, 2015). Confirmed 
isolates were then cryopreserved in triplicate in micro-
tubes with brain heart infusion (BHI) broth and 20% 
glycerol at - 80 °C (Jiang et al., 2023).  
 
Qualitative and quantitative screening for EPS-
producing bacilli 
The cryopreserved isolates were reactivated on TSA 
plates at 27 °C for 24 hours and those producing EPS 
were selected by the cord test (Abdellah et al., 2014). 
For quantitative screening, each bacterium was cultured 
in triplicate in liquid basal medium (LBM) (20 g sucrose, 
5 g yeast extract, 1.5 g dipotassium phosphate (K2HPO4) 
and 1 g magnesium sulfate (MgSO4) in 1000 mL of de-
ionized water) contained in Falcon tubes, using a 20 % 
v/v inocula adjusted to 0.5 McFarland, a turbidity stand-
ard commonly used to estimate bacterial cell density 
(approximately 1.5 x 108 CFU mL-1) (CLSI, 2023; McFar-
land, 1907). Cultures were incubated at 27 °C for 48 hr 
(Ergene & Avci 2017). EPS extraction was carried out 
according to the method of Mazumder et al. (2025), 
(described below), which is widely applied for the recov-
ery of extracellular polysaccharides from bacterial cul-
tures. Total carbohydrate content, representing the main 
structural component of EPS, was quantified using the 
phenol–sulfuric acid method due to its sensitivity and 
reproducibility in polysaccharide determination (Dubois 
et al., 1956). EPS concentration data (µg/mL) were ana-
lyzed by one–factor ANOVA after log transformation. 

Three bacterial isolates that produced the highest 
amount of EPS were selected for further testing.  
 
Phenotypic identification of EPS-producing bacilli 
In addition to macroscopic and preliminary microscopic 
criteria used during isolation, EPS-producing isolates 
were further characterized biochemically. This included 
catalase and oxidase tests, as well as carbohydrate utili-
zation profiling using the API® 50 CH and API® 20 E 
identification systems, following the manufacturers’ in-
structions. 
 
Molecular identification of EPS-producing bacilli 
DNA extraction was performed with the AccuPrep® 
Genomic DNA Extraction Kit (Bioneer Corporation, 
South Korea) and the 16S rRNA gene was amplified fol-
lowing the protocol of Goto et al. (2000), with HVc_F/
HVc_R and 27F/1492R primers; GoTaq® Green Master 
Mix (Promega, Madison, WI, USA) was used in a 25 ì L 
PCR mix. PCR included an initial denaturation at 95 °C 
for 2 minutes, followed by 30 cycles of denaturation at 
95 °C for 30 seconds, primer hybridization at 58 °C for 1 
minute, and a final extension at 72 °C for 2 minutes 
(İ spirli & Dertli 2018). Amplicons were separated by 
electrophoresis on 1.6 % (w/v) agarose gel at 95 V for 
1.5 hr and purified with exonuclease I and alkaline phos-
phatase for sequencing by capillary electrophoresis 
(Sanger method) in external laboratories. Finally, the 
sequences obtained were compared in the National 
Center for Biotechnology Information (NCBI) database 
using the BLAST tool.  
 
EPS production tests under defined conditions 
Preparation of inocula 
The cryopreserved isolates were reactivated on TSA plates 
at 27 °C for 24 hr and then inoculated into tubes contain-
ing 5 mL of BHI broth adjusted to 0.5 McFarland turbidity. 
These inocula were used in subsequent EPS production 
tests (Ergene & Avci 2017; Hassan & Ibrahim 2017).  
 
EPS production as a function of nutritional parameters  
The previously described LBM was modified by the addi-
tion of different nutritional sources. Molasses and glycer-
ol were included at concentrations of 20, 30 and 50 g/L 
at a final pH of 7, as well as 20 g/L sucrose as a control. 
On the other hand, yeast extract and tryptone were add-
ed at concentrations of 0.5, 1.0 and 3.0 g/L at a final pH 
of 7, together with 5 g/L of yeast extract as a control. 
These changes were based on previous work (Razack 
et al., 2013a).  

 
EPS production as a function of environmental factors 
LBM tubes were prepared by adjusting pH to 4, 6 and 8, 
with sodium hydroxide (NaOH 2 M) and hydrochloric 
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acid (HCl 2 M) solutions as needed. (Abou et al., 2014; 
Hassan & Ibrahim 2017). As a control, the LBM was 
evaluated with pH 7. On the other hand, EPS production 
was investigated in relation to salinity by adding sodium 
chloride (NaCl) to LBM at concentrations of 0.3 %, 0.7 
%, and 1 % under the recommendations of Razack et al. 
(2013b), with LBM without NaCl as a control.  
 
The previously mentioned inocula were used in all pro-
duction trials. Each bacterial isolate was inoculated in 4 
mL of sterile LBM (20 % v/v), with the respective nutri-
tional source and under different pH and salinity values, 
as appropriate. The tubes were incubated at 27 °C for 
48 hr (Trindade et al., 2018). Three replicates of each 
treatment were performed to ensure statistically signifi-
cant results.  
 
EPS determination 
Extraction and quantification 
For EPS extraction, the method of precipitation with cold 
ethanol at 4 °C according to Mazumder et al. (2025), 
was used with some modifications. For total carbohy-
drate quantification, the modified phenol–sulfuric acid 
method of Dubois et al. (1956), was used, employing 
glucose as a standard according to Deming & Carpenter 
(2023). Absorbance was measured at 485 nm in a spec-
trophotometer with 1 M H2SO4 as blank. The results 
were recorded in a spreadsheet and interpreted based 
on a previously developed standard calibration curve.  
For statistical analysis of the data, four two–way ANO-
VAs were conducted to analyze the effects of sources of 
variation (carbon and nitrogen and stress factors) and 
bacterial isolates on EPS production, as well as their in-
teractions. Significant differences between means were 
determined by Tukey’s test. In addition, the Coefficient 
of Variation (CV) was calculated for all variables, which 
falls within the acceptable limit (≤ 20 %). 
  
RESULTS 
Isolation of Bacillus spp. isolated from clay soils of the 
Ecuadorian Amazon subjected to bioremediation pro-
cesses 
Twelve bacterial strains were isolated, displaying key 
morphological and physiological traits of the genus Bacil-
lus, including Gram–positive, rod–shaped cells and typi-
cal colony morphology on solid media, as established in 
the isolation criteria. 
 
Qualitative and quantitative screening for EPS-
producing bacilli 
The results showed highly significant differences be-
tween each isolate (p<0.05). BCL-SA-004, BCL-SA-005 
and BCL-SA-010 stood out as the highest EPS producers 
with averages of 157 µg/mL, 132.5 µg/mL and 530.2 µg/

mL, respectively (Table 1). In addition, isolate BCL-SA-
014 was included due to the highly mucoid texture of its 
colonies (qualitative selection).  

 
Identification of EPS-producing bacilli 
Analysis of the consensus sequences determined that 
isolate BCL-SA-004 shares 99.92% identity with Bacillus 
altitudinis; BCL-SA-005 has 98.39 % identity with Bacillus 
cereus; BCL-SA-010 is 100 % identical to Bacillus licheni-
formis; and BCL-SA-014 has a 99.84 % identity with Pae-
nibacillus glycanilyticus.  
 
EPS production testing under defined conditions  
Nutritional factors  
EPS production varied according to the carbon and nitro-
gen sources and their concentrations (Tables 2 and 3). 
Higher EPS yields were generally obtained in media sup-
plemented with molasses and yeast extract, whereas glyc-
erol and tryptone resulted in lower production values.  
 
Two-factor ANOVA revealed a significant dependence 
of EPS concentration on carbon and nitrogen source 
and concentration, as well as on microorganism 
(p<0.05). Molasses, especially at a concentration of 30 

µ
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g/L, significantly increased EPS production compared to 
sucrose (control), while no significant differences were 
observed with glycerol (Figure 2A). Among the evaluat-
ed strains, BCL-SA-004 and BCL-SA-010 stood out in EPS 
production, being the main generators of biopolymer 
(Figure 2B).  

 
The nitrogen source significantly affected EPS produc-
tion (Figure 3). Yeast extract resulted in higher EPS yields 
than tryptone, with the maximum value observed at 1.0 
g/L, which differed significantly from the control and 
most tryptone treatments (Figure 3A). In contrast, tryp-
tone at 0.5 g/L resulted in the lowest EPS production. 
Regarding strain performance, significant differences 
were also detected among the evaluated strains (Figure 
3B). Strain BCL-SA-010 stood out as the highest produc-
er, significantly outperforming the other strains, whereas 
BCL-SA-005 exhibited the lowest production. 
 
pH values 
Average EPS production under different pH values is pre-
sented in Table 4. EPS yields varied among the evaluated 

strains across the tested pH range, suggesting a strain-
dependent response to acid and alkaline conditions.   
 
Two-factor analysis indicated no significant main effect of 
pH on EPS yield (p>0.05), but a significant interaction be-
tween pH and strain was detected (p<0.05). EPS produc-
tion differed among strains under acid and alkaline condi-
tions (Figure 4), with BCL-SA-010 showing the highest 
production levels, while BCL-SA-005 consistently exhibit-
ed lower EPS yields. BCL-SA-004 and BCL-SA-014 dis-
played intermediate strain-specific responses to pH stress.  
 
NaCl concentration 
Average EPS production under different NaCl concentra-
tions is summarized in Table 4. Two–factor ANOVA 
showed that both NaCl concentration and strain signifi-
cantly influenced EPS production (p<0.05). As shown in 
Figure 5A, EPS production exhibited a strain–dependent 
response to saline stress: BCL-SA-004, BCL-SA-005 and 
BCL-SA-014 generated more EPS under control condi-
tions, whereas BCL-SA-010 reached its maximum pro-
duction at 1% NaCl. Consistently, BCL-SA-010 displayed 
the highest overall EPS production among evaluated 

± 



±
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strains (Figure 5B); this pattern was repeated with this 
microorganism being the most productive in EPS genera-
tion in all trials.  
 
DISCUSSION
 
EPS production tests under defined conditions 
Effect of different carbon sources 
Sugar cane molasses, known for its high content of easi-
ly fermentable sugars (~50%), is a suitable substrate for 
EPS production by microorganisms such as Bacillus spp. 
that use the sucrose present in molasses for the synthe-
sis of levan, the most common EPS (Palmonari et al., 
2020; Rojas, 2020).  

The efficacy of molasses as a carbon source for EPS pro-
duction has been corroborated by several studies, which 
highlight its superiority over other substrates such as 
pure sucrose (Razack et al. 2013b; Ergene & Avci 2017). 
Research has also shown that the additional content of 
nutrients in molasses, such as amino acids, vitamins and 
minerals, can enhance EPS production (Jeyaram et al., 
2018). Although glycerol has been considered as an al-
ternative for EPS production, its more energy–
demanding metabolic process may limit its efficacy (Li 
et al., 2015; Minari et al., 2024).  
 
Statistical analysis confirmed that EPS production de-
pends significantly on the carbon source and concentra-

<
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tion, as well as by the bacterial strain, highlighting the 
need to adjust culture conditions according to each mi-
croorganism. Previous studies have shown considerable 
variability in optimal substrate concentration among dif-
ferent species, reflecting the importance of understand-
ing their metabolic demands to maximize production. 
For instance, Bacillus subtilis ES OR501464 isolated from 
sugar cane juice produces significant amounts of EPS at 
4% sucrose (Bashandy et al., 2024), whereas Bacillus 
megaterium KM3 achieved its highest EPS yield (15.75 
g/L) using 5 % sugarcane molasses, together with opti-
mized nitrogen and mineral nutrient supplementation 
(Mehta et al., 2024). In contrast, other microorganisms 
require considerably higher substrate concentrations; 
e.g. Paenibacillus jamilae, generated 5.1 g/L EPS using 
80% oil–producing mill wastewater as a carbon source 
(Morillo et al., 2007) and Bacillus velezensis KY471306 
showed maximal EPS production at 12% molasses 
(Moghannem et al., 2018). Similarly, Bacillus licheniform-
is increased EPS production by 16% when cultured with 
30 g/L sucrose (Malick et al., 2017). Collectively, these 
findings highlight the diversity of nutritional requirements 
among microorganisms emphasize the importance of 
species–specific optimization studies to enhance EPS 
production under different cultivation conditions. 
 
From an applied perspective, these results directly sup-
port the objective of identifying cost-effective and effi-
cient substrates for EPS production, demonstrating that 
sugarcane molasses–an abundant agro-industrial by-
product in Ecuador–can significantly enhance EPS yields 
in native Bacillus strains, thus increasing their feasibility 
for large-scale bioremediation applications.  
 
Effect of different nitrogen sources 
Yeast extract stood out as the most effective nitrogen 
source for EPS production at low concentrations, outper-
forming other sources such as peptone, meat extract 
and inorganic salts. Prior studies in Bacillus subtilis and 
Bacillus zhangzhouensis BZ16 confirmed its efficacy, 
reaching yields of up to 11.22 g/L (Miri et al., 2021; Ra-
zack et al. (2013b)). Its effectiveness is attributed to its 
content of vitamins, growth factors and salts such as 
magnesium and manganese, which favor the enzymatic 
activity involved in EPS synthesis (Sivakumar et al. 2012; 
Biswas & Amal 2017). In contrast, tryptone showed mini-
mal EPS production in B. subtilis, possibly due to its im-
pact on pyruvate metabolism (Abou et al., 2014; Ahn 
et al., 2020), suggesting the need for further studies to 
understand its effect on EPS synthesis. 
 
The superior performance of yeast extract highlights the 
importance of selecting nitrogen sources that not only 
sustain microbial growth but also stimulates EPS biosyn-

thetic pathways, contributing to the optimization of cul-
ture conditions aimed at maximizing EPS availability for 
soil structure improvement.  
 
Effect of pH values 
The pH of the culture medium influences EPS produc-
tion, but its effect varies according to the bacterial spe-
cies and strain due to differences in their genetic and 
metabolic systems (Ates, 2015; Jin & Kirk, 2018). Some 
microorganisms, such as B. subtilis SH1, maintain stable 
production at different pH, while others, such as B. sub-
tilis, generate more biopolymer under acidic than alka-
line conditions (Hassan & Ibrahim 2017; Abou et al., 
2014). In addition, acid or alkaline stress may induce 
increased EPS production as a protective mechanism 
(Trindade et al., 2018). These findings coincide with the 
variable pH preferences of the isolates evaluated, where 
some are neutrophilic in nature, others are slightly aci-
dophilic, and one shows a preference for basic pH. 
Moreover, this indicate that strain–specific optimization 
is essential to ensure stable EPS production under varia-
ble pH conditions commonly found in hydrocarbon-
contaminated Amazonian soils.  
 
Effect of different NaCl concentrations 
High concentrations of NaCl in the culture medium can 
negatively affect EPS production due to osmotic instabil-
ity, cellular dehydration and reduced water activity, as 
observed in Lactobacillus helveticus ATCC 15807. This 
hyperosmotic stress may inhibit microbial growth and 
affect polymer biosynthesis, accounting for the low EPS 
production in some of the evaluated microorganisms 
(Cesar et al., 2020; Chen et al., 2022). However, some 
halotolerant bacteria, such as Bacillus licheniformis, in-
crease EPS production under high salt stress conditions 
as a protective mechanism, which was observed in BCL-
SA-010 (Bhutani et al., 2022; Kadapure et al., 2025). Sim-
ilar behavior has been reported in Lactobacillus planta-
rum VAL6, Pseudomonas spp. and Planococcus 
rifietoensis RT4, where the presence of NaCl significantly 
increased EPS production, in addition to influencing its 
physical properties such as viscosity (Fan et al., 2020; 
Nguyen et al., 2020; Singh & Jha, 2016).  
 
The stimulation of EPS yields synthesis under moderate 
salinity suggests that certain isolates may retain or even 
enhance their functionality under osmotic stress, a desir-
able trait for bioremediation scenarios where salinity 
may increase because of bioremediation treatments.  
 
Overall, the evaluation of nutritional and environmental 
variables demonstrates that EP production by native Ba-
cillus spp. is highly dependent on both strain identity and 
culture conditions. Carbon and nitrogen sources were 
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the main drivers of EPS synthesis, while pH and salinity 
modulated production through stress-related responses. 
These findings directly address the objective of this study 
by identifying possible combinations of growth sub-
strates and environmental parameters that maximize EPS 
yields using low-cost inputs. Importantly, the ability of 
selected isolates to sustain high EPS production under 
moderate stress conditions supports their potential appli-
cation in the bioremediation of compacted, hydrocar-
bon-contaminated Amazonian clay soils, where improve-
ments in soil aggregation and aeration are critical for 
remediation efficiency.  
 
CONCLUSIONS 
 
This study demonstrates that exopolysaccharide (EPS) 
production by Bacillus spp. isolated from hydrocarbon-
contaminated soils of the Ecuadorian Amazonia is a 
strain-dependent process strongly influenced by nutri-
tional and environmental conditions. The evaluated vari-
ables–carbon and nitrogen sources, pH, salinity and bac-
terial isolate–interact to determine EPS yields, confirming 
that optimization strategies cannot be generalized and 
must be tailored to the physiological characteristics of 
each strain.  
 
Among the tested conditions, sugarcane molasses and 
yeast extract proved the most effective carbon and nitro-
gen sources, respectively, promoting higher EPS produc-
tion while offering a cost effective and sustainable alter-
native for large-scale applications. Moderate pH and 
salinity stress further modulated EPS synthesis, indicating 
that selected isolates can maintain or enhance produc-
tion under conditions relevant to hydrocarbon-
contaminated clay soils.  
  
Based on their EPS productivity, adaptability to variable 
culture conditions and ability to utilize inexpensive re-
newable substrates, Bacillus altitudinis (BCL-SA-004), Ba-
cillus licheniformis (BCL-SA-010) and Paenibacillus gly-
canilyticus (BCL-SA-014) were identified as the most 
promising strains. In particular, Bacillus licheniformis BCL-
SA-010 exhibited consistently high EPS yields, highlight-
ing its biotechnological potential.  
 
Consequently, the results provide a solid experimental 
basis for selecting and formulating EPS-producing bacte-
rial inoculants aimed at enhancing soil structure and re-
ducing operational costs in remediation programs. These 
findings support the potential application of native EPS-
producing Bacillus spp. as a complementary strategy to 
improve soil physical properties and promote the biore-
mediation of hydrocarbon-contaminated soils in the Ec-
uadorian Amazonia.  
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